Monofunctional alkylating agents such as N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) and N-methyl-N-nitrosourea (MNU) methylate the bases and phosphate backbone of cellular DNA at several sites. The most harmful base lesions are 06-methylguanine (06-meG), which is a miscoding derivative, and 3-methyladenine, which blocks DNA replication. When Escherichia coli is exposed to these methylating agents, an adaptive response is induced which results in the increased expression of four genes, ada, alkB, alkA, and aidB (for reviews, see references 15 and 33) . A 31-kDa 3-methyladenine-DNA glycosylase II is encoded by the alkA gene. The ada gene encodes a 39-kDa 06-meG-DNA methyltransferase I which demethylates 06-meG, 04-methylthymine, and the S-diastereoisomer of methylphosphotriesters (mePTE) in DNA. The Ada protein transfers the methyl adducts from these lesions onto two of its own cysteine residues. The Ada protein also regulates the adaptive response. Self-methylation at cysteine 69 by transfer of a methyl group from a mePTE in DNA converts the Ada protein into a strong transcriptional activator of the four inducible genes (34, 36) . The increased DNA repair capacity which results from induction of the adaptive response enhances the cellular resistance to mutagenesis and killing by methylating agents.
E. coli also has a low level of a constitutive 06-meG-DNA methyltransferase II, a 19-kDa protein encoded by the ogt gene (for a review, see reference 18). In cells not induced for the adaptive response, this enzyme accounts for about 94% of the 06-meG-DNA methyltransferase activity (23, 26, 37) .
Ogt is inactivated by self-methylation on repair of DNA damage and thus has the capacity to counteract only low levels of cellular alkylation damage. When cells are exposed * Corresponding author.
to high doses of exogenous alkylating agents, the Ada protein is induced and becomes the major cellular 06-meG-DNA methyltransferase activity (23, 26, 37) .
An adaptive response to alkylation damage has been found in many bacterial species (reviewed in references 5 and 37). In most of these investigations, the response was detected by the increased resistance of cells pretreated with a low dose of methylating agent to the mutagenicity and cell killing of higher doses. The responses of Bacillus subtilis and Micrococcus luteus have been studied in more detail, and inducible 06-meG-DNA methyltransferase and 3-methyladenine-DNA glycosylase activities have been characterized (21, 27) . Some bacteria, such as Haemophilus influenzae, do not have a detectable adaptive response (13) . Salmonella typhimurium pretreated with a low dose of alkylating agent is sensitized to the mutagenic effects of subsequent challenges (7) , which suggests that this bacterium also lacks an adaptive response. This is of particular note because S. typhimurium is used for mutagen screening in the Ames test and also because it is closely related to E. coli, which has a welldocumented response. S. typhimurium does, however, contain genomic DNA sequences which hybridize to the E. coli ada gene (31) . S. typhimurium has a low constitutive O6-meG-DNA repair activity, possibly equivalent to the Ogt protein of E. coli (8, 26) .
In this work, using immunological and biochemical approaches, we have demonstrated an adaptive response to alkylation damage resulting in enhanced 06-meG-DNA and mePTE-DNA methyltransferase activities in several previously uninvestigated species of enterobacteria. A weakly induced 39-kDa protein which specifically interacts with anti-Ada monoclonal antibodies was also observed in S. typhimurium. However, inducible methyltransferase activity was detected only when the cloned S. typhimurium ada gene was present on a multicopy plasmid. (10) . Plasmids pYG7001 and PYG7034 containing the S. typhimurium ada gene were derivatives of pBR322 and pBluescript KS+, respectively (8a) , and were obtained from Takehiko Nohmi.
Culture conditions. Cells were grown as specified in Luria broth or M9 minimal medium (20) supplemented as required with thymine (20 ,ug/ml), histidine (20 ,ug/ml), and biotin (0.2 ,ug/ml) at 37°C. Strains carrying low-copy-number pHSG415-derived plasmids were grown at 30°C in the presence of ampicillin at 20 ,ug/ml. Strains carrying high-copy-number plasmids were grown at 37°C in the presence of ampicillin at 50 pg/ml. (37) . After incubation in the presence of MNNG at 1 or 5 jig/ml for 30 min, K. aerogenes, Shigella sonnei, Shigella boydii, E. alkalescens, E. hermanii, and E. fergusonii all displayed an inducible 39-kDa protein which interacted with the anti-Ada monoclonal antibodies (Fig. 1) . In K. aerogenes, S. boydii, and E. fergusonii, the 39-kDa protein was detected before induction as a very faint band after a longer exposure of the autoradiograph (data not shown). In these cases, the degree of induction on exposure of the cells to 1 ,ug of MNNG per ml was at least 10-to 15- Mc-A1 and Mc-A2 and with the secondary antibody '25I-labeled sheep anti-mouse immunoglobulin G. The X-ray film was exposed to the immunoblots for 3 days at room temperature. 1). Although the monoclonal antibodies did not cross-react detectably with any protein in cell lysates of A. aerogenes and only faintly detected, after long exposures, a 39-kDa protein in C. intermedius (data not shown), inducible O6-meG-DNA and mePTE-DNA methyltransferase activities were detected and demonstrate an adaptive response to alkylation damage in these bacteria also ( Table 1 ). The estimates of induced mePTE-DNA methyltransferase activity were consistently less than those of 06-meG-DNA methyltransferase activity. The ratio varied from the expected 1:1 TA1535 (D), and TA2659 (E) were treated and analyzed as described for Fig. 1 . The autoradiographs were exposed for 12 days at room temperature.
to 1:2 as has been observed previously (19) and may result from instability of the N-terminal domain of the protein (30) .
A low constitutive 06-meG-DNA methyltransferase activity but no mePTE-DNA repair activity was observed in all bacteria investigated. These results parallel those obtained in E. coli (24, 26, 32) , and the constitutive 06-meG-DNA repair activities are probably equivalent to the Ogt protein of E. coli.
A weak adaptive response in S. typhimurium. The absence of an adaptive response to alkylation damage in a commonly used laboratory strain of S. typhimurium TA1535 was suggested by the data of Guttenplan (7). To determine whether the response was absent from other strains of S. typhimurium, six natural isolates, TA2659, and TA1535 were examined for an inducible protein which cross-reacted with the anti-Ada monoclonal antibodies. A 39-kDa protein was detected in all isolates, including the laboratory strains, and was weakly induced on pretreatment of the cells with MNNG. The data for three natural isolates and for TA2659 and TA1535 are shown in Fig. 2 . The degree of induction of the 39-kDa protein was 10-to 20-fold less in S. typhimurium than in the enterobacterial species analyzed above, a 4-foldgreater exposure time of the autoradiogram being required to clearly visualize the induced protein in S. typhimurium. The 39-kDa protein was fully induced in the enterobacteria by MNNG at 1 ,ug/ml, whereas S. typhimurium required at least 5 ,ug/ml for the maximum but weak induction.
Absence of detectable inducible DNA-methyltransferase activities in S. typhimurium. 06-meG-DNA methyltransferase assays revealed a constitutive activity in S. typhimurium TA1535, in agreement with previous observations (26) and comparable to that observed in the other enterobacteria (Table 1 ). However, no activity was detected in extracts of cells pretreated with MNNG at 1 ,ug/ml ( creased from 5 to 0.05 p.g/ml, the measured methyltransferase activity returned to the level characteristic of untreated cells (Fig. 3A) . High cell extract concentrations were used in these assays. The lowest activity observed, 0.1 U of 06-meG-DNA methyltransferase per mg of protein, possibly resulted from nonspecific DNA degradation and was thus the limit of detection of the assays. An elevated activity above the constitutive level as a result of the induced 39-kDa protein was not observed at any of the pretreatment doses used. At low pretreatment doses of MNNG such as 0.1 ,ug/ml, the total detectable methyltransferase activity could be composed of both the constitutive enzyme and the induced 39-kDa protein which has been only partially inactivated by the pretreatment dose. To investigate this possibility, the extracts after incubation with 3H-labeled methylated DNA were resolved on an SDS-polyacrylamide gel. The 3H-labeled self-methylated proteins were visualized by fluorography (Fig. 3B) analyzed by SDS-PAGE and immunoblotting as described for Fig. 1 . The X-ray film was exposed to the immunoblot by using intensifying screens overnight at -80°C. coli was clearly observed by this approach on pretreatment of cells with MNNG at 1 ,ug/ml (Fig. 3B, lane Y) . The Ogt protein was not detected in these induced cells because it was inactivated a result of the MNNG pretreatment (Fig. 3B , lane Y). The constitutive methyltransferase of S. typhimurium was slightly larger on SDS-PAGE than the 19-kDa Ogt protein of E. coli observed in untreated cells (Fig. 3B, lane  X) .
Step-up adaptation, whereby cells are exposed to a series of low but increasing doses of MNNG, has been used previously to induce the adaptive response in M. luteus and in various mutant strains of E. coli K-12 which are sensitive to alkylation toxicity (2, 11) . This means of adapting S. typhimurium by using MNNG at 0.1 ,ug/ml for 60 min and then at 0.5 1.g/ml for 60 min also failed to yield detectable elevated levels of either 06-meG or mePTE repair activity corresponding to the increase in the 39-kDa protein observed immunologically (data not shown).
To demonstrate that the lack of an induced methyltransferase activity was not a result of inhibitory factors in extracts of MNNG-pretreated S. typhimurium, purified E. coli Ada protein (0.05 U) was assayed for mePTE-DNA methyltransferase activity in the presence of 12.5 ,ul of S. typhimurium extract (4 mg of protein per ml). The Ada protein was fully active and demonstrated the absence of methyltransferase inhibitors in the cell extracts (data not shown).
Induction of E. coli ada gene expression in S. typhimurium. A plasmid carrying the E. coli ada gene was transformed into S. typhimurium to investigate whether expression of this gene was fully inducible and its product assayable in S. typhimurium. Strain LB5010 (r-m+) was transformed with pSHR1, which is a low-copy-number plasmid and carries the E. coli ada gene. A low constitutive level of 06-meG and mePTE-DNA methyltransferase activities was found in cell extracts of LB5010/pSHR1. On pretreatment of the cells with MNNG, these activities increased approximately 50-fold. The extent of induction of the E. coli ada gene was comparable with that observed in E. coli GW7101 (Aada-25)1 pSHR1 (Table 1) . Immunoassays performed in parallel also showed high levels of induced Ada protein in both E. coli and S. typhimurium (Fig. 4) . Expression of the E. coli ada gene from this plasmid and detection of its product were therefore not inhibited in S. typhimurium.
Detection of methyltransferase activity on expression of the Salmonella ada gene from a multicopy pla pYG7034 contains the S. typhimurium ad control of the lac promoter inserted into I number vector pBluescript KS+ (8a). Both and mePTE-DNA methyltransferase activi served in cell extracts of E. coli GW7101 (Aad without pretreatment with isopropyl-p-D-thio side (IPTG). Thus, only by expression of the ada gene from a high-copy-number plasmid to demonstrate that the product of this gene repairing 06-meG and mePTE in DNA (Tat pYG7001 is a pBR322 derivative which cl typhimurium ada gene under control of its (8a) . A low constitutive level of 06-meG-DNA was observed in extracts of GW7101/pYG700 ment of the cells with MNNG, the 06-meG increased two-to threefold, and a low level oi methyltransferase activity was also observed increase in these activities resulting from indu of the S. typhimurium ada gene was there However, the activities were very low. A displayed a 10-fold increase in the amount protein (Fig. 4D) . Similar plasmid derivatives coli ada gene result in much higher cellulai methyltransferase activity both before and (29, 35 (16, 22) , but inducibility of a gene which encodes a 3-methyladenine-DNA glycosylase has been recently observed by Northern (RNA) blotting (6) . This report and that of a response in the fungus Aspergillus nidulans (9) indicate that inducible responses to alkylation damage may be present in lower eukaryotes.
The extents of known responses in B. subtilis, E. coli, M. luteus, and S. typhimurium differ greatly and may be related to the requirement for the responses in particular environments. It is of note that bacteria with strong adaptive responses can exist as soil organisms, which suggests that exposure to alkylating agents may be greater in this environment. Several environmental methylating agents have been described (37) .
S. typhimurium is used widely for mutagen detection by the Ames test (1) . The use of E. coli or any other bacteria with an effective adaptive response in such tests would result in failure to detect a major class of mutagens, the mutagenic methylating agents. The choice of S. typhimurium with a weak adaptive response was therefore fortunate. E. coli ada mutants deficient in the response can now also be used in such screening tests.
